In this work, ZnGa 2 O 4 solar-blind photodetectors (PD) based on a metal-semiconductor-metal (MSM) structure was fabricated by radio frequency (RF) magnetron sputtering method. The transmittance of the material shows larger than 80% cross the visible light region. As a wide bandgap and high transparency semiconducting material, ZGO is a potential candidate for UV-detection applications. The ZGO MSM PD with no oxygen flow during sputtering exhibits a responsivity of 4.46 × 10 −2 A/W under illumination at wavelength of 260 nm, rejection ratio of 1.75 × 10 4 . The performance can be enhanced with proper thermal annealing process. With an annealing process at temperature of 200°C, the responsivity and rejection ratio are 0.203 A/W and 1.12 × 10 5 , respectively.
In recent years, wide-bandgap oxide semiconductors have gained great interest due to their potential application in deep ultraviolet (UV) photodetectors (PD) and gas sensors. [1] [2] [3] Among these oxide materials, ZnGa 2 O 4 has high thermal stability and excellent optical properties. Moreover, ZnGa 2 O 4 is known for its ultra-wide bandgap of approximately 5.2 eV and made up by mixing ZnO and Ga 2 O 3 powders at high temperature in air ambient, which exhibited in spinel structure. 4 The bandgap of ZnO can be simply enlarged by doping Ga 2 O 3 , which is suitable for solar-blind photodetectors. Moreover, the oxygen deficiencies of ZnO were reduced owing to high bonding-dissociation energy between gallium atoms and oxygen atoms.
Many researches on one-dimensional (1D) ZnGa 2 O 4 nanostructures including nanofiber, 5 nanorods, 6 nanobelt, 7 nanocrystal 8 have been investigated. The ZnGa 2 O 4 films were also applied to phosphor powder in the past because of its excellent cathodoluminescence characteristics. According to the current literatures, ZnGa 2 O 4 films were deposited by various approach such as chemical vapor deposition (CVD), 9, 10 pulse laser deposition 11 and sol-gel method. 12 While up to now, there are no relevant reports using ZnGa 2 O 4 films to manufacture optoelectronic devices with RF sputtering method. In this work, ZnGa 2 O 4 solar-blind photodetectors based on a metal-semiconductormetal (MSM) structure was fabricated by RF magnetron sputtering method. The devices with different oxygen partial pressure during sputtering and annealing process at different temperatures will be discussed.
Experimental
The structure of the ZnGa 2 O 4 MSM photodetector is shown in Figure 1 . The ZGO photodetectors were fabricated on 2 cm × 2 cm quartz substrates. The substrates were cleaned with an ultrasonicator by acetone, isopropyl alcohol, and deionized water in sequence, and followed by drying under a stream of nitrogen. A 200-nm-thick ZGO film was then deposited by sputtering an ZGO target. During the sputtering process, the chamber pressure was kept at 5 mTorr, the RF power was fixed at 80 W and the holder was rotated at a speed of 15 rotations per minute (rpm), respectively. While depositing the films, the total gas flow rate was fixed at 50 sccm and the partial pressure of oxygen, which can be expressed as O 2 /(Ar+O 2 ), was modified from 0%, 2% to 4%. Hereafter, based on the oxygen partial pressure, the devices are denoted as sample A, sample B, and sample C. Finally, * Electrochemical Society Member. z E-mail: changsp@mail.ncku.edu.tw 30-nm-thick Ni and 70-nm-thick Au electrodes were deposited by thermally evaporation with an interdigitated shadow mask. The transparency of the 100-nm-thick ZGO thin film was verified by UV-Vis-NIR spectrophotometer. The current-voltage (I-V) characteristics were measured at room temperature by Agilent B1500A semiconductor parameter analyzer. The spectral responsivity was calculated using a 250 Watt Xe lamp as light source, which dispersed by a monochromator from the wavelength range of 220-500nm. Figure 2 depicts the optical transmittance of the ZGO thin film. It is observed the film is highly transparent across the visible light region (400 nm-800 nm). By applying the Tauc's equation, which is expressed as (αhν) 2 = A(hν -E g ), where α is the absorption coefficient corresponding to the frequency ν, h is the Planck's constant, A is a constant, and E g is the bandgap energy, the inset of Figure 2 shows the relation between (αhν) 2 and photon energy hν. 13 The bandgap of ZGO is then obtained by extrapolating the linear part of the curve to intersect with y = 0, is approximately 4.6 eV, which is desirable for UV photodetector application. Photo Energy (eV) the oxygen-vacancy related defects in the ZGO films, which led to the reduction of photo-excited carriers. [14] [15] [16] Since the oxygen vacancies are filled up during sputtering, which results in a lack of carrier transporting in the films, both dark current and photocurrent are decreased because of the increase of oxygen flow ratio. The dark current, photocurrent and the ratio of photocurrent divided by dark current of the three samples are summarized in Table I . The responsivity of the three samples are shown in Figure 4 . The devices were illuminated from wavelength of 220 nm to 500 nm with a fixed bias of 10 V. As shown in Figure 4 , all the samples have maximum responsivity at about 260 nm, which agrees with the result of transmittance spectra. Rejection ratio (RR) is then calculated as the responsivity at 260 nm divided by the responsivity at 420 nm in order to evaluate the resolution between UV light and visible light. The RR of sample A, sample B, and sample C is 1.75 × 10 4 , 5.98 × 10 2 , and 2.22 × 10 1 , respectively. Among all, sample A has the greatest responsivity under UV illumination and the highest RR because the less oxygen flow during sputtering resulted in more oxygen vacancies which could be excited by UV light.
Results and Discussion
In order to investigate the switching characteristics of the photodetector, dynamic responses of the devices were conducted by modulating the light source and the results were demonstrated in Figure 5 . In this case, all the devices were switched from on-state to off-state for 3 cycles with a fixed bias of 10 V. An UV light source with wavelength of 260 nm was applied to turn on and off for 200 seconds and 150 seconds each. The rise time, which is defined as the time required for the current increases from 10% to 90% of the maximum current under illumination, of sample A, B, and C are 13 s, 58 s, and 94 s, respectively. It is because the sample with larger oxygen flow during sputtering would have less oxygen vacancies, which resulted in less carriers and further influence the time required for saturation to be longer. The fall time, which is defined as the time required for the current decreases from 90% to 10% of the maximum current after turning off the light source, of sample A, B, and C is 2 s, 1 s, and 0.7 s, respectively. It is observed that greater oxygen flow rate leads to shorter fall time. Several researches have indicated that recovery time is related to oxygen vacancies. Carriers excited by light may captured by oxygen vacancies, which made the recombination take more time to complete. 15 To investigate the effect of annealing process on the device, ZGO thin films with 0% oxygen flow ratio were annealed at 100°C, 200°C, and 300°C for half hour. Figure 6 shows the XRD results of the films annealed at different temperatures. It is observed that the ZGO film would crystallize at 300°C and the bandgap would expand dramatically while the annealing temperature getting higher as shown in the inset of Figure 7 . Figure 8 demonstrates the I-V characteristics of ZGO MSM PD, which includes annealing process, with and without UV illumination at wavelength of 260 nm. The dark current of the device with annealing process was reduced significantly even approached the limit of the measuring equipment. It may attribute to the thermal annealing process, which would remove the structural defects in the ZGO films. 17 As Table I summarized, the highest ratio of photocurrent over dark current occurs when the film was annealed at 200°C, which not only enhanced the film quality but also reduced the sub-gap defects. However, annealing temperature exceeds 200°C may poorly affect the performance in return because the film would crystallize when temperature is higher than 200°C. Moreover, the energy bandgap of the material would be enlarged, as the inset of Figure 7 shown, which made electrons more difficult to excite from valence band to conduction band. Figure 9 shows the responsivity of the ZGO MSM PD annealed at different temperatures. The maximum responsivity of 0.203 A/W appears when the film was annealed at 200°C, and the highest UV rejection ratio of five orders of magnitude was also observed. Comparing to other research grown ZGO by metallorganic chemical vapor deposition (MOCVD) method, 10 the rejection ratio is only from three to four orders of magnitude, which is lower than this work.
Conclusions
In this work, ZnGa 2 O 4 MSM PD were fabricated by RF magnetron sputtering under different oxygen partial pressure, and its optical properties and effect of annealing process are explored in detail. The very low dark current which is attribute to the high Ga content in the ZGO film is observed. The oxygen vacancies were filled during sputtering with oxygen flow, which results in a significant drop of dark current and photocurrent. As a result, the device with none oxygen flow dur-ing sputtering exhibits the highest responsivity of 4.46 × 10 −2 A/W at illumination at wavelength of 260 nm and UV rejection ratio of 1.75 × 10 4 . The rise time is short as 13 s and fall time of 2 s. A proper annealing temperature of 200°C can enhance the performance of the device. The maximum responsivity can reach 0.203 A/W after annealed, which is five times larger than the non-annealed device. Also, the rejection ratio is improved to 1.12 × 10 5 . These results indicate that ZGO is a potential candidate material for future UV-sensing applications
